Luenberger observer based sensorless multi-loop control of a converter needs an iterative try-and-error design process, since there are many parameters to be determined, and the loop gains are not directly related with the closed-loop characteristics. Robust H∞ control adopts a compact sensorless controller. The algebraic Riccati equation (ARE) and linear matrix inequality (LMI) based H∞ approaches need an exhaustive procedure, especially for a low order controller. Therefore, in this paper, a novel robust H∞ synthesis approach is proposed to design a low order sensorless controller for boost converters, which need not solve any ARE or LMI, and parameterizes the controller by an adjustable parameter behaving like a 'knob' on the closed-loop characteristics. Simulations show the straightforward closed-loop characteristics evaluation and the better dynamic performance by the proposed H∞ approach, with a comparison of the LO based sensoreless multi-loop control. Practical experiments on a digital processor confirmed the simulations.
I. INTRODUCTION
The controller of a switching converter should guarantee that the power conversion is stable under all operating conditions, and next, the desired dynamic performance is maintained when a disturbance occurred in the input voltage or the load. The dynamic performance of a switching converter, whether it has single-or multi-loop control, is determined by its closed-loop characteristics including the audio susceptibility and output impedance [1] . For a single-loop output voltage controlled buck converter or boost converter in discontinuous conduction mode, since the loop gain and crossover frequency are directly related with the closed-loop characteristics, the stability and dynamic performance can be guaranteed through making the loop gain as large as possible with a high crossover frequency and adequate phase and gain margins. Nevertheless, there is a right-half-plane zero (RHPZ) in the transfer function from the duty ratio to the output voltage for a boost, buck-boost and fly-back converter in continuous conduction mode (CCM) [2] . The RHPZ severely restricts the crossover frequency of the open-loop gain, hence results in poor dynamic performance if single-loop voltage control is adopted. Multi-loop control is widely adopted to improve the dynamic performance. However, a current sampling circuit such as a shunt resistor with an amplifier, a transformer or an active filter [3] , is required to obtain the inductor or switch current, which causes an increase of the cost, size and weight of the circuit. Sensorless multi-loop control solves the problems by estimating the inductor current [4] [5] [6] . Luenberger observer (LO) [7] is very effective in estimating the inductor current for the sensorless control. However, the drawbacks are also obvious. There are too many parameters to be determined in the LO based sensorless multi-loop control. Moreover, the closed-loop characteristics are not directly related with the loop gains for the multi-loop control [8] [9] . Consequently, an iterative try-and-error process is needed to design the LO based sensorless multi-loop control.
Modern control directly handles the inductor current and the capacitor voltage in time-domain. However, a state feedback controller with a state observer as presented in [10] brings no more benefits to the closed-loop characteristics evaluation than the sensorless multi-loop control. Robust H∞ control, which directly takes the disturbance attenuation as the target, provides an approach to designing a compact sensorless controller. Two robust H∞ synthesis approaches are mainly adopted in the previous researches: algebraic Riccati equations (ARE) [11] [12] and linear matrix inequalities (LMI) based approaches [13] . However, there are some common drawbacks. One drawback is that an exhaustive search procedure is needed to solve the ARE or LMI, especially, it is more difficult to find a solution for the low order controller. The second drawback is that the closed-loop evaluation cannot be simplified to demonstrate the advantages over the conventional sensorless multi-loop control. Moreover, in the previous researches, there is no paper introducing the design of a sensorless controller, especially a low order controller which has the merit of less computation volume or simple circuit, for switching converters by the robust H∞ control. Therefore, in this paper, a novel H∞ synthesis approach is proposed to design a low order sensorless controller for boost converters, which need not solve any ARE or LMI, and most importantly, parameterizes the controller by an adjustable parameter which behaves like a knob on the dynamic performance. Simulations show the straightforward closed-loop characteristics evaluation and better dynamic performance by the proposed H∞ approach, with a comparison of the LO based sensorless multi-loop control. Practical experiments on a digital processor confirmed the simulations.
The following definitions are used in this paper.
: 
II. PROBLEM FORMULATION

A. Difficult Design of the Conventional Sensorless Multi-loop Control of Boost Converters
The topology independent block diagram of the conventional sensorless multi-loop control of a switching converter is shown in Fig. 1 . The control system consists of an outer loop T v and an inner loop T i . The outer loop provides a reference current for the inner current loop. The current î LO in the inner loop is an estimated inductor current. The symbols F 1 , F 2 , F 3 , F 4 , F 5 , and Z p are the transfer functions from the input voltage, the load current, and the duty ratio to the output voltage and the inductor current of the power stage, F m and F v are the inner and outer compensators, and G 3 , G 4 , and G 5 are the transfer functions from the input voltage, the duty ratio, and the output voltage to the estimated inductor current. A Luenberger observer (LO) written in Eq. (1) is very effective in estimating the inductor current of a switching converter for the sensorless multi-loop control.
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O ] is the estimated system state, and [d̂ v̂g] is the system input. Matrices A and B come from the small signal model of the converter, while L is the parameter of the LO. The transfer functions G 3 , G 4 , and G 5 can be obtained through Laplace transformation of Eq. (1). From Fig.1 , the closed-loop characteristics including the audio susceptibility and the output impedance are written in Eqs. (2) and (3), respectively.
The transfer functions F 1 , F 2 , F 3 , F 4 , F 5 and Z p are fixed for a given converter. The closed-loop characteristics in Eqs. (2) and (3) are dominated not only by the compensators F m and F v , but also by the transfer functions G 3 , G 4 , and G 5 . The design of LO based sensorless multi-loop control is such a process: select the parameter L of the LO; design the compensators F m and F v ; evaluate the closed-loop stability through examining the loop gains at the points T 1 and T 2 in Fig.1 ; evaluate the closed-loop characteristics in Eqs. (2) and (3); repeat the above design process until the desired dynamic performance is maintained. The above design process means that it is difficult to design a conventional sensorless multiloop control for a converter, because there are too many parameters to be determined, and the closed-loop characteristics are not directly related with the loop gains T i = F m G 4 and T v = F m F v F 2 + F m G 5 F 2 .
B. Problems of the Previous Proposed Robust H∞
Control for Boost Converters
The block diagram of the robust H∞ control of a switching converter is shown in Fig. 2 Generally, the order of the controller in Eq. (5) is the same to the system in Eq. (4) with an order n. However, the order of the controller can be reduced to n-rank[
A low order controller has the merit of less computation volume or simpler circuit, and is more suitable for real-time control.
Mainly, there are two H∞ synthesis approaches to designing a lower order controller. One approach is to solve the AREs as introduced in [14] [15] , and the other approach is to solve the LMIs as introduced in [16] [17] . There are some common drawbacks of the above synthesis approaches. One drawback is that an exhaustive solution search procedure is required to solve the AREs or LMIs. The second drawback is that the closed-loop evaluation cannot be simplified to demonstrate the advantages over the conventional sensorless multi-loop control. Therefore, in this paper, a novel H∞ synthesis approach is proposed to design a low order sensorless controller for boost converters. The proposed H∞ approach need not solve any ARE or LMI, and most importantly, makes the closed-loop characteristics evaluation straightforward by parameterizing the controller with an adjustable parameter which behaves like a 'knob' on the dynamic performance.
III. INTRODUCTION OF THE PROPOSED ROBUST H∞ SYNTHESIS APPROACH TO THE SENSORLESS CONTROL OF BOOST CONVERTERS
The closed-loop transfer function G cl (s) of the system in Eq. (4) with the controller in Eq. (5), that is from the disturbance w to the controlled output z is written as follows:
where
The essential of robust H∞ control is to minimize G cl (s) according to the following H∞ standard:
Gs
Condition the control object is stabilized
The basis of the proposed robust H∞ synthesis approach is to decompose the system in Eq. (4) into a special coordinate basis (SCB) [18] [21] . Through the SCB decomposition, it is easy to check the solvability conditions, and design the controller by a step-by-step procedure, as presented from the following.
A. Solvability Conditions of the Proposed Robust H∞ Synthesis Approach
Denote subsystems Ʃ P := (A, B, C 2 , D 2 ) and Ʃ Q := (A, E, C 1 ,
. The solvability conditions of the system in Eq. (4) with the controller in Eq. (5) are as follows: I) (A, B) is stabilizable; II) (A, C 1 ) is detectable; III) Ʃ P and Ʃ Q has no invariant zero on the imaginary axis; IV) Im( )
I and II are the necessary conditions, while III, IV, and V are the sufficient conditions.
B. Design Procedure of a Low Order Controller in Eq.
(5)
Referring to [19] [20] [21] , the design procedure of a low order controller in Eq. (5) is as follows:
Step 1: Decompose the system in Eq. (4) into SCB and check the solvability conditions; Step 2: Compute the H∞ infimum γ* of the system in Eq. (4);
Step 3: Set any γ > γ* and define an auxiliary system in Eq. Step 4: Transform the system in Eq. (8) 
Step 5: Design a full state feedback controller u = F p (γ, ɛ)x for the following subsystem of the system in Eq. (9):
Step 6: Design a full state feedback controller u = K Q (γ, ɛ)x for the following subsystem of the system in Eq. (9). 22 1,02 12 2,2
Step 7: Denote 
The symbol γ represents the desired disturbance attenuation level satisfying γ > γ*. γ* is the H∞ infimum of the system in Eq. (4) and can be computed as introduced in [22] [23] . The parameter ε > 0 is tunable. There exists an ε* > 0 such that for all 0 < ε < ε*, the closed-loop system becomes internally stable and the γ-suboptimal ||G cl (s)||∞ < γ is satisfied.
IV. DERIVATION OF A LOW ORDER SENSORLESS CONTROLLER FROM THE PROPOSED ROBUST H∞ SYNTHESIS APPROACH FOR BOOST CONVERTERS
A. Construction of the AC Small Signal Average Value Model of Boost Converters
The boost converter used in this paper is shown in Fig. 3 , in which several parasitic components are considered. Referring to [24] , the AC average value model of the boost converter in CCM is written in Eq. (13) . 
The symbol D denotes the duty ratio at a given operating point and D' =1-D, and d̂ represents the duty ratio adjustment from the given operation point when a disturbance appears. Ignoring the equivalent series resistor of the output capacitor, v̂c is equivalent to v̂o. Here, v̂o and v̂g are not scaled by the corresponding dividing resistors in Fig. 3 for the convenience of evaluating the practical closed-loop characteristics. The coefficients of a controller will be scaled at the execution stage on a digital processor.
B. Construction of the State Space Equation for the Proposed Robust H∞ Control
From the AC small signal model in Eq. (13), the state space equation for the proposed robust H∞ control is written as follows: 
D. Solvability Verification
It is easy to prove that the solvability conditions I, II and III in subsection III.A are satisfied. The following can be obtained after SCB decomposition.
Obviously, 2 2 () Ker C R  , so the solvability condition V is also satisfied. Although the SCB decomposition of the subsystem Σ P shows that there is a state x b , so that the condition IV is not satisfied. It does not mean that the controller in Eq. (5) for the system in Eq. (15) is not solvable. It is still solvable, however, a complicated computation of the H∞ infimum γ* is required as presented from the following.
E. Computation of the H∞ Infimum of the System in Eq. (15)
Through SCB decomposition, it is found that the H∞ infimum of the subsystem Σ Q is γ Q * = 0. Thus, the H∞ infimum of the system in Eq. (15) is determined only by the subsystem Σ P . Referring to [23] , for a given γ > 0, a positive real symmetric solution s x to the algebraic Riccati equation in Eq. (18) should exist. 
F. Derivation of a Low Order Controller in Eq. (5)
Although the system in Eq. (9) can be constructed through the SCB decomposition of the system in Eq. (15) , it can be seen that the system in Eq. (15) is already very similar to the system in Eq. (9) . Therefore, a transformation T x = [0 1; 1 0] on the system state x is performed to transform Eq. (15) into the form in Eq. (9) . Following the design procedure described in the subsection III.B, a low order controller in Eq. (5) The λ in Eq. (20) can be set to any negative value, for example -1. The parameter ɛ > 0 is tunable.
V. SIMULATIONS AND EXPERIMENTS
In this paper, a boost converter with parameters listed in Table 1 is used to show the straightforward closed-loop characteristics evaluation by the proposed robust H∞ synthesis approach, with a comparison of the conventional LO based sensorless multi-loop control. 
A. Simulations of the Sensorless Controller Derived from the Proposed H∞ Synthesis Approach
Substituting the parameters in Table 1 into the system in Eq. (13), the following matrices are obtained. Table 1 (21), the closed-loop audio susceptibility and output impedance are shown in Fig. 4  (a) and (b) , respectively. Lower than about ε = 1/6000, the disturbance on the output voltage begins to be attenuated. The disturbance attenuation increases as long as ε decreases. Lower than ε = 1/100000, the disturbance attenuation will no longer change obviously, especially for output impedance.
Next, set w o = 5 to augment the disturbance attenuation effect on the output voltage. Similarly, the H∞ infimum of the system in Eq. (15) 
Design of a Low
Then, set w o = 10 to further augment the disturbance attenuation effect on the output voltage. The H∞ infimum of the system in Eq. (15) is γ* = 2.1640. Set γ = 2.2, then s x = 0.0013 is obtained. The closed-loop characteristics are shown in Fig. 6 . Lower than about ε = 1/2000, the disturbance on the output voltage begins to be attenuated much. Lower than ε = 1/8000, the disturbance attenuation will no longer change obviously. It means that the closed-loop characteristics have approached its limit when w o = 10 and this value can be chosen as the suitable value of ε.
Although larger w o can further enhance the disturbance attenuation on the output voltage, Fig. 6 shows that good disturbance attenuation has been obtained. The closed-loop dynamic responses of the output voltage to a step change in the disturbance are shown in Fig. 7 for w Step responses of v̂o. Table 1 is substituted. For w o = 10 and ε = 1/8000, the step responses of î L and p are given in Fig. 8 . Their responses are the same. It means that p is a complete estimation of the inductor current î L .
on of Eqs. (21) and (15), the transfer functions p(s)/v̂g(s) and p(s)/îo(s) are obtained. It is found that î L (s)/v̂g(s) = p(s)/v̂g(s) and î L (s)/îo(s) = p(s)/îo(s) after the parameters listed in
B. Simulations of the Conventional LO Based Sensorless Multi-loop Control
Denote the current loop T i = F m G 4 and the voltage loop T v = F m F v F 2 + F m G 5 F 2 in Fig.1 . The overall loop gain at the point T 1 is written as T 1 = T i + T v , and the outer loop gain at the point T 2 is written as T 2 = T v /1+T i . From the expressions of T 1 and T 2 , the crossover frequency of the current loop T i should be as high as possible to provide a 90 0 phase boost for the voltage loop T v , while its gain should be as small as possible at low frequencies; the loop gain T v should be as large as possible to attenuate the disturbance on the output voltage.
For the boost converter with parameters listed in Table 1 , the LO in Eq. (1) 
where 
In Eqs. (22) and (23), the parameters to be determined are (2) and (3) to obtain a good dynamic performance; repeat the above steps until the desired dynamic performance is obtained. Through the above iterative process, it is found that the eigenvalues {-0.0093, -7. 
II. F s F s III. F s F s
The bode plots of the loop gains T 1 and T 2 are shown in Fig. 9 , with the stability characteristics given in Eq. (25). Design of a Low Order Sensorless Controller by Robust H∞ …
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The closed-loop characteristics in Eqs. (2) and (3) are shown in Fig. 10 , and the step responses of the output voltage are shown in Fig. 11 . From the curves I and II in Figs. 9, 10, and 11, it can be seen that increasing the gain of inner compensator F m can increase the gain crossover frequency, and decrease the peak output voltage, however, the recovery time is prolonged; from the curves I and III, it can be seen that increasing the gain of the outer compensator F v can improve the dynamic performance, however, the phase margins are reduced. The curves I, II, and III demonstrate that I in Eq. (24) is the best.
The closed-loop characteristics of the inductor current î L and estimated inductor current î LO can also be easily derived from Step responses of î L and î LO .
(b) step response of v̂o to a step change in î o Fig. 11. Step responses of v̂o.
C. Practical Experiments of the Sensorless Control of the Boost Converter
To execute the controller on a digital processor, the above continuous controller should be discretized. Through bilinear transformation s = 2(z˗1)/T s (z+1), where T s is equivalent to the switching period, the digital counterpart of the controller in Eq. 
For the LO based sensorless multi-loop control, the discrete counterpart of Eq. (22) 
The practical dynamic response by the above LO and PI controllers are shown in Fig. 14. The practical experimental environment is shown in Fig.  15 . A digital 16 bit DSC NJU20010 produced by the NJRC is used to execute the above digital controllers. The clock frequency of DSC is 62. 5 MHz. An ADC and a PWM are integrated into the DSC. The limit of duty ratio is set to 0.05~0.88. The slew rates of the load and input voltage are 250mA/μs and 2.0V/μs, respectively. A resistor 25 Ω is used as the normal load. An electronic load PLZ164W is used to 
D. Summary
For the conventional LO based sensorless multi-loop control, there are six parameters to be determined, and an iterative try-and-error process is needed to determine these parameters. Comparatively, for the sensorless controller derived from the proposed H∞ synthesis approach, there is only one adjustable parameter γ. Since this parameter is directly related with the closed-loop characteristics, the closed-loop characteristics evaluation becomes very straightforward, and Figs. 6, 7, and 13 show that better dynamic performance is maintained than the conventional LO based sensoreless multi-loop control.
VI. CONCLUSIONS
For the multi-loop control of a boost converter in CCM, the closed-loop characteristics are generally indirect with the loop gains. The conventional observer based sensorless multiloop control severely aggravates the closed-loop characteristics evaluation, because there are more parameters relating with the closed-loop characteristics. The proposed robust H∞ synthesis approach makes the closed-loop characteristics evaluation straightforward by parameterizing the controller with an adjustable parameter. Simulations show the great conveniences of the closed-loop characteristics evaluation, and practical experimental results confirmed the simulations. The derived sensorless controller by the proposed H∞ synthesis approach is general for boost converters. The proposed H∞ synthesis approach is also suitable for the sensorless controller design of other converters such as buck-boost and quadratic converters.
